We report a large enhanced anomalous Hall effect ͑AHE͒ in the Co/Pt multilayers sandwiched by two MgO layers. The Hall resistivity ͑ xy ͒ was over an order of magnitude larger than that in pure Co/Pt multilayers. By optimizing the thickness of MgO layers, a high field sensitivity value of 2445 V/A T for Hall sensors was achieved. The enhancement of AHE is mainly attributed to the MgO-Pt interfacial effect. © 2010 American Institute of Physics. ͓doi:10.1063/1.3522653͔
The anomalous Hall effect ͑AHE͒ has been extensively studied during the past few decades because of its controversial physical mechanism [1] [2] [3] and its wide applications. Metallic materials with AHE have been used for magnetic sensors, [4] [5] [6] showing some advantages over semiconductor Hall sensors, such as low resistivity, high operation frequency, and low temperature coefficient. For the AHE sensors, the field sensitivity is one of the primary parameters. A satisfactory sensitivity requires higher AHE resistivity ͑ xy ͒ and lower hard-axis saturation field ͑H S ͒. However, the materials with large xy exhibit high saturation field generally, while the xy in systems with low H S is still of limited magnitudes so far. For example, large xy has been obtained in -Fe 3 N nanocrystalline films 7 which is over two orders of magnitude larger than that of bulk Fe, reaching about 20 ⍀ cm. Unfortunately, its H S is quite large ͑Ͼ10 kOe͒, suppressing the value of the sensitivity. Ultrathin CoFe/Pt multilayers have a low saturation field ͑ϳ10 Oe͒, but its xy reaches only 0.6 ⍀ cm, 8 just the same level of the thin films of ordinary transition metals ͑ϳ1 ⍀ cm͒. 9 Although the xy is not very large, the interface anisotropy in CoFe/Pt system allows for tuning the H S and the linearity. The sensitivity could reach as high as 1200 V/A T, showing a competition with the best semiconductor Hall sensors. 8 The multilayered system provides a promising chance for manipulating the anisotropy. Thus, the sensitivity can be substantially improved if xy in this system is greatly enhanced. Recent results have shown that the AHE can be amplified by enhancing the interfacial scattering, which is achieved by structural modifications. This idea was realized in the ͓Pt/ Co͔ 5 / Ru/ ͓Co/ Pt͔ 5 multilayers, 10 where the AHE was much improved due to the strong Ru/Co interfacial scattering by introducing Ru spacer. Therefore, stimulating the interfacial scattering in multilayer systems is an encouraging approach for developing high-sensitivity AHE sensors.
Comparing with the metal-metal interface, the amorphous insulator-metal interface can increase the AHE more significantly because the amorphous insulator-metal interface contains more defects for additional scattering of electrons. and t MgO top ͒ varies from 1 to 15 nm, and the period number ͑m and n͒ varies from 2 to 10, respectively. The base pressure was prior to 1.0ϫ 10 −5 Pa, and the Ar pressure was kept at 0.2 Pa during sputtering. The deposition rate of Co, Pt, and MgO is 0.071, 0.068, and 0.005 nm/s, respectively. Standard optical photolithography was applied to fabricate the Hall bars for the transport measurement with physical property measurement system ͑produced by Quantum Design in USA͒ using the standard four-probe technique. Magnetic properties were also measured by alternating gradient magnetometer.
The inset of Fig. 1͑a͒ shows the AHE resistivity as a function of the magnetic field measured at RT for multilayers of Pt͑0.6͒ / ͓Co͑0.4͒ / Pt͑1.2͔͒ 3 ͑in nanometer͒ ͑circle͒ and MgO͑5͒ / Pt͑0.6͒ / ͓Co͑0.4͒ / Pt͑1.2͔͒ 3 / MgO͑5͒ ͑in nanometer͒ ͑triangle͒. It shows that the Hall resistivity increases significantly when the pure Co/Pt multilayers are sandwiched by MgO layers. The saturation Hall resistivity ͑ xy sat ͒ value reaches 6.7 ⍀ cm, whereas it is only 0.5 ⍀ cm in the sample without MgO layers. The enhancement is approximately 13 times by introducing MgO layers on both sides. Furthermore, the period number of the Co/Pt bilayers ͑n = m =2-10͒ slightly affects the magnitude of xy sat both in S1 and S2, shown in Fig. 1͑a͒ , indicating that the enhancement of xy is due to the interfacial effect at the MgO-Pt interfaces instead of that at the Co-Pt interfaces in the multilayers. The right bottom inset of Fig. 1͑b͒ shows Figure 1͑b͒ shows the Hall resistance loop at RT for the sample MgO͑3͒ / Pt͑0.6͒ / ͓Co͑0.4͒ / Pt͑1.2͔͒ 3 / MgO͑1͒ ͑in nanometer͒. The Hall resistance is increased to 4.5 V/A, and the saturation field is only approximately 20 Oe. The Hall resistance loop shows a good linearity with field sensitivity as high as 2445 V/A T, which is about two times larger than that of the current best metallic Hall sensors ͑1200 V/A T͒. 8 As the top and the bottom MgO layers have different influences on the interfacial crystalline morphology, it is necessary to investigate them, respectively. The focus is given on the two separated series of samples: S3 and S4. Figure 2 shows xy sat and the longitudinal resistivity ͑ xx ͒ as a function of the thickness of MgO layer in S3 ͑t MgO sub ͒ and S4 ͑t MgO top ͒, respectively. The xx for both S3 and S4 shows a monotonic increase slightly with increasing the MgO thickness. The xy sat increases significantly with increasing t MgO for S3 and S4, with the maximum value at t MgO sub = 5 nm and t MgO top = 2 nm for S3 and S4, respectively. Then xy sat decreases with further increasing t MgO Figure 3͑c͒ shows the values of ⌽ sk and derived from Figs. 3͑a͒ and 3͑b͒ as a function of t MgO for samples S3 and S4. The maximum value of in S3 and S4 is about 21 and five times larger than that in pure Co/Pt multilayers, respectively. The larger is, the higher the AHE is. For ⌽ sk , the maximum absolute value of ⌽ sk is 25 and four times larger than those in pure Co/Pt multilayer for S3 and S4, respectively. However, the skew scattering contribution is always negative in our samples. Thus, the large enhanced AHE is dominated by the enhanced , which is determined by both sj and int . It is known that the scattering event contributes to both ⌽ sk and , while the intrinsic origin only makes contribution to . Since the absolute values of ⌽ sk and increase/decrease synchronously as t MgO increases, indicating that the enhanced is not only due to the intrinsic mechanism, but also results from the scattering effect ͑side jump mechanism͒ at the MgO-Pt interface. This enhancement of can be mainly attributed to the MgO-Pt interfacial effect.
In conclusion, we have presented a detailed study of the AHE for Co/Pt multilayers sandwiched by two insulator amorphous MgO layers. The AHE for this multilayer is much larger than that of the system without MgO layers. By optimizing the thicknesses of MgO layers, an approach that enables generation of high-sensitivity AHE sensors is provided. The enhanced AHE in our multilayers is attributed to the large contribution, which is mainly due to the MgO-Pt interfacial effect.
